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S. A. BECKER
University of California, km Alamo# National hboratory,
Las A.lsmos, M 87545 USA.

Abctract. A rtview of the phaeea of ttellar ●volution
relevant to Gpheid variables of both ~pes I and II is
prasentod. Type I Cepheida #rime a.a m renult of normal
post~ain sequence evolutionary behavior of many stare n

the intermediate to ma6aive range of sLellar massea. In
contrast, Type II (kpheida generally originate from low-
maoe stare of low mettlicity which ●re undergoing poet core
helium-burning ●volL’tion. Mspite great progreso in the
pact two decadeo, uncertainties ●till remain in such ●reas
am how to best model corivective overehoot, semiconvcction,
stellar ●tmospheres, ?otation, and binary ●volution me well
●o uncertainties in important physicml parameter ouch ●e
the nuclear reaction rates, opacity, ●nd mans loca ratea.
The potential effect of thene uncertainties on stellar ●vo-
lution modelo it diecueeed. Finally, comparieona between
theoretical prediction- ●nd obaervationa of Cepheid vari-
ablet ●re pres?nted for ● number of c.~aes. I%e reculto of
theme comparimonq chow both &ream of ●greement ●nd
disagreement with the latter reoult providing incentive for
further research.

1 CII.NERALOVERVIEWOF STELLAR EVOLUTION MODELS IN—,— —.. -
RFFERENCE TO CEPHEID VARI,iBLES. ——.—

1.1 7%! Population I Picture
F&zomem of dioc~oslon In this section, attention will

be diractod to reoulto obtained from wdelo of singla, non-lotating
stars. Population I stare ●re arbitrarily defined to be thoce for
which Z > 0.005, Figure la ahowc the ●volutionary tracks in the H-P

diagram ?or ● number of intermedtate~ato staro of compomitlon (Y,Z) -
(0.28, 0.02). l’ntarnodiate=aoa stars are thono which ignica W non-
dageneratoly but following coro Ha ●xhaumtion dovolop electron degener-
● te ca>on-oxyg~ll cor~s. For tho composition depict~d in Figure la,
●uch ocaro opan Ih@ range of ●pproxim,:tily 2.?5 to 9 ~, Stars of
Baa- graacar thar ●pproximately 9 N do not d~v~lop deg~ner~te
carbon-oxygen coreo ●nd arQ called maeoive @tars. Finally, Staia of
● aoc lama than ●l;proximatoly 2.25 ~ U* call~d l~w-~aas stars and

thscc objacts doutl~p ●loctron degonerat~ Ma coras prior to cora k
ignition.

In ?igura 1, th~ tmundarios of tha Gpbald Instability
●trip (am datorminad by tho cmlculationa of I’ben I ‘i%ggla, 1975) ●re
rapresantod by thrat parcllel daahad lintio which are, going from l*ft
to right, tho fir[’ harmonic blue cdga, th- funds~ntgl blue etlga ●nd



the fundamental red ●dge. Standard Pulsatien theory arguee that
whenever ● star’s evolutionuy track lies within the Cepheid strip, the
● tar is unstable to surface pulsations ●nd the @tar should be
recognizable aa a Cepheid variable, Obeerva:iona confirm that the
❑ajority of stars In the Instability ctrip ue indeed &pheid vuiablea
although so= exceptions exist (see ●.g. Eggen, 1983 ●nd Bidelman, thie
conference). The boundaries of the Gpheid instability ●trip ●xtend to
the domains of the massive ●nd low-ass stars not shown in Figure 1.

FIGURE 1. Evolutionary E-R Diagrame of models ti.th Y = 0.28.
In (a) Z - 0.02 ●nd (b) z - 0.01.
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Stellar ●volution calculations show that tho progenitors of Gphaid
varlablea ●rc main oequenco starmo and that to become ● Cepheid ● star
●uet be In ● post core hydrog~n-burning phase. ?Igura 1 ●howe that ●

given intormdiate-maec scar can cross the Caphcfd Instability strip
(d@ponding on ita ma-e or composition) once, ttulco, or fiva times.
Masmive stars in tho range of 9 to 20 ~ (depending on the maaa-loss
rata) can alao ●xparience up to threo crc9cinge (see e.g. *eenivaaan &
Uileon, 1978). Stara mro maamlve than 20 ~ (ace ●.u. kunich &
‘kuran, 1982a) as well ●c ●tara in the low-maaa range (eee Ikugal



●t. al, 1979) can undergo ●t bst one moscing. The first crosuing
occurs fcm ●ll tut the moat maaoive stars during the hydrogen-burning
ohell phase aa the ●tar evclves to cooler temperatur~s in the B-R
diagram aI itm way to becoming a red gicnt. The ti= scale for th

ffirst paasa ● through the instability strip rangea from ● few x 10 yr
9to About 10 yr with Ltw lifetime decreasing with Increissing mama.

Th:o :ime scale is approximately on the order of s the.~1
(Kelvin-Relmholtc) time scale. For ●xmmple, the 3 ~ wdel of Figure
la takes ●bout 2 x 105 yr to ●volve from the fundamental blue ●dge to
the fundmaental red ●dge while ● 9 ~ model of the ●me composition
taker about 4 x 103 yr.

There are effective ltmitt to prevent .tarm from becoming Gpheida ●t
both tlw high ●nd low ●xtremeo of the @teller ❑amo range. For mtaro of
low enough mass like the sun, the main sequence eurface temperatures
are cools than the red ●dge of the Instability strip ●nd consequently,
their normal evolutionary track- do not intercept the instability
otrip. In fact, low-maso stars which do intersect the Instability
strip ue recognized am ● separate claoo of variablea ulled the 6
Scuti -tart. Although the boundary between Cepheida ●nd 6 Scuti stare
10 oomewhat indistinct, Cepheid variableo in prsctice originate from
-tars of St le~ot intermediate ❑aem. At the other ●xtreme, stars more
massive than about 40 ~ ●ppear to lose maes so prodigiously that
instead of ●volving into red giants their ●volutionary tracks reveree
before the instability strip ●nd evolve blueward into the domain of the
WR start (deLocre, 1980). Th!s ●ffect limit- the brightest Gpheide to
perloda of no more than ●bout 200 days.

The second cronsing of the instability strip occuro during the core
hellur-burning phaoe sc ● star ●volvec to higher temperature on the
firot blue loop in the R-R diagram. Only intermediate-mass otaro ●nd
❑aesive start of ●bout 9 - 20 ~ ●xhibit blue 100PO in their H-R
dia~ amt. ‘The first blue loop arimea due to ● complicated interplay
between the X ●bundance profile left by the former hydrogen-burning
core, the hydrogen-burning ohell, the maximum depth reached by the
convective envelope during the otar’s firot ●scent of the red giant
branch, ●nd the nature of stellar ●nvelope solutions (tee Schlesinger,
1977 f~ ● review). When the tip of tha first blue loop is tangent to
th~ blue ●dge of tha instability ●trip, pae~age through the Inota ility

kstrip is driven on ● nuclear time scale laocing over ●averal x 10
X* For the composition depicted in Figure 1s, thim condition wmld
occur for ● model of ●bout 6 ~ . The lifatime of the aacond
cronsing decreamea with Incraaaing ●tellar mm- ●pproaching ● thermal
ti~ scale at larger matsea dua to the fact that a si~nificant portion
of tho cora helium-burning phaoa 1s .p@nt in the vicinity of tht first
blue loop tip and that u ● ore masoive stars ●re conmiderad the
tomp~ratur~ of the blue loop tip Incraasao. In Figu ● la the lifetime

\
of the second crooning 10 for ●xample ●bout 2.6 x 10 yr for the 7 ~
model and 3 x 10° yr for th~ 9 ~ mdal.



ldhen it occurs, the second croosing of the instability strip i- ●lmost
●lwsyt th longest lived. (It 10 only in the case of the more maooive
blue-looping -dels here ●ll =ossings are ●ffectively driven on ●

thermal tlm scale that this rule is no longer valid). Consequently,
most Gpheide observed =e Stufi undergoing the ●econd pa-sage of the
instability strip. Ln ●dditicn, the occurrence of the first blue loop
provides ●n ●ffective lower mse limit to the obeerved distribution cf
Cepheida. Only otars which are ●ble to ●volve to ● high ●nough temper-
● ture to intercept the inocability strip during their firot blue loop
ue generally seen ●s Cepheids. Starm whose firct blue loop does not
intercept the instability strip can on?y be oboerved ●t Gpheids during
theti first passage of the strtp ●nd these at~-e due to their shorter
lifetimes probably -ke up only ●bout 10% of the total obeerved Gpheid
population.

‘I’he third paosage of the Instability strip can occur under tw differ-
● nt condition. The mat common of the two tak~e place on the first
blue loop near the ●nd of the core helium-burning phase ●s the star
avolvee back to the red giant branch. Such is the case for the 7 ~
modelo of Figure 1. Massive stara which intercept the G?pheid
instability ccrip only once are ●lso ●t a similar point in their
internal ●volition, i.e., they are ●lao near the end of thei,- core
helium--burning phase, however, unlike the intermediate~aca st~ro~ they
●e avolvlng to the red giant tmanch for the first time.

The lifetime for the third paaaage of the Instability -trip ‘hen it
occurs near the end of thz core helium-burning phase can be as large ● a
juut over 106 yr for the caee of ● model whose blue loop tip 10 tangent
to the blue ●dge of the in~tability strip. The lifetim of thic
crooGing then deceanee with increasing mass until it no longer takea
place ●nd the second option for the third croeaing 10 inotead in
effect. l%e 7 ~ model of Figure le In ●n ●xampl~ of the firet
option for the third cxooeing and thim paeaage bs a lifetime of about
5 x 10” yr which la about one fifth as long ●s the lifetime of the
second Crosoing but nearly 10 timee -o long ●s the lifetime of she
first cromsing. Generally, the the firct option for third paomage of
the instability strip is the oecond longest aossing.

The other condition under which ● third aocoing of the inotmbility
strip can occw takes place ●f ,er core helium exhaustion during the
helium-burning -hell phame. Sucii la the caae for the 9 ~ toodelo of
Figure 1 ●nd other more =asive mdelm which ●xperience blue 100pa in
the H+ diagram. In this cane ●volution takes p,lnce so rapidly in tie
stellar interior that the mdel is unmble to =OOS the instability
strip until ●fter the heljum-burnlr]g shell has eetabli.hed itoalf ● s
the primary ●nargy source for the ● t-. ti ● rcmult, the mecond option
for tha third crossin~ is th~ final paaoage of the Instability strip
for tht star- whjch experience it. 711ic type of cromoing tak~o plscr
rather rm idly on the order of a thermal time ocale lasting mpproxi-

3mat@ly 10 yr.



Under certain circumstances ● second blue loop my occur in the R-R
diagram which doeo intercept the instability strip ●iloting for two
●dditional crocsingn of the Ckpheid strip. Eoppner ●t. ●l. (1978) ●nd
Becker (1981b) show that this ●dditional loop 10 due to ● complicated
interaction between the contracting helium exhausted core, the helium-
burning ●hell ●nd the nature of the ●teller envelope solutions. IIIe
llfetlme of either the fourth - fifth ~o~sing Am roughly the ●ame

being potentlall.y aa large ●s ● few x 10 yr for the case where the tip
of the second blue loop 1s tangent to the blue ●dge of the instability
strip. The lifetimes of these two crossings then decrease rapidly with
increasing maam until for the mre -solve models the second blue loop
takes place ●ntirely to the left of the instability strip. For ●xample
for the 7 ~ model of Figure la, the lifetim~s of the fourth ●nd
fifth =oasings are each ●pproximately 104 yrs. Both the fifth
crossing of Cepheid ●trip ●nd the mecond condition for the occurrence
of the third aoastng of the &pheid ●trip (see the 9 ~ models in
Figure 1) take place ●t the ●ame evolutionary phase, i.e., during the
helium-burning shell phaae.

To summarize, Population I stua oboerved to be in the Cepheid in#ta-
billty strip can be undergoing, depending on the circumstances, the
hydrogen-burning shell phase, the core helium-burning phase (with an
●ctive hydrogen-burning shell) or the helium-burning shell phase. When
multiple crossings of the lnetability ●trip ●re ponslble, the most
likely phase to be @countered is the core helium-burning phase with
the eecond crossing being the longest lived of all the passages ●nd the
thjrd croosing being the second longest. The cumulative lifetime of
the other three crossings (when they occur) 1s generally small when
compared to time repent during the r!cond ●nd third crossings. lt ie
only for the more massive aeea (llke the 9 ~ models in Figure 1)
where ●ll Crotisingo of the strip take place on ● thermal time ●cale
that the lifetimeo of the various croseing- beca~ comparable to ●ach
other. For stars of cuffj,clently ●all or luge mass only one cromaing
of the instability strip la possible. In our galaxy, Cephelds having
non-harmonic periods leas than 3 daya are most likely due to ●tara
which malu only one crossing of the Cepheid otrfp during their
hydrogen-burning ●hell phaae. At the other ●xtreme, Ckpheida having
periods greatu than ●bout 30 days ●re moot likely due to ❑aative ●tara
making their single pamaage of the strip near the ●nd of their core
helium-burning phaoe. The bulk of the Cephelds observed in the Galaxy,
however, bve periods between these two ●xtreme- @nd the vaot majurity
of these stars ehould be in the core helium-burning phase, The rarest
typa of Gpheid would be one which ie undergoing the fourth cm fifth
creasing of the instability strip.

Finally, it should b Doted that the ●volutionary behavior of ● stellar
■odel of ● given WC- wtries ae the lnltial composition 10 changed (eee
Becker ●t. al., 1977 and Becker 1981a for an ●xcenaive dlccusaicm).
Figure lb ●howo how mdela of the ●ame masses ●s used in Figure la
behava whsn their ~talicity ham been reduced to Z - 0.01. Por this
case, stara having a me~s ●s ~mcll as shout 4 ~ bacoms Gpheids



during the core helium-burning phaae ●e opposed to ●bout 6 ~ being
the lower limit when Z = 0.02. The effect of changing the heliuo con-
tent is ●houn in Figure 2 where mch larger changes In Y are required
to produce changea of ● similar size ●s those produced by mch smaller
changes in Z. By taking into ●ccount the composition d~pendence on ●

model’s evolutionary behcvior one can show that the ●verage uss of ●

Cepheld 10 ●bout 6 ~ for the Galaxy, 4.5 ~ for the UICO and 3.S
~ for the SIC. In general for ● wdel of fixed was, reducing Z or
increasing Y ●cts to Wke nearly ●ll ●volutionuy phameo of ● model
both hott~ and brighter.

FIGllR.Z 2. Evolutionary E-R
In (a) Y = 0.36,,

diagrama of modelti with Z = 0.02.
(b) Y = 0.28, ●nd (c) Y= 0.20.
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Ln any case, the progeny of Ccpheld variables era later seen ●s red
gianta ●nd red supergianto. Xntermedlate-mats stars ●volve onto the
msymptotlc giant branch (ACE) ●nd undergo helium-ohell flafihes during
the double shell (hydrogen- and helium-burning) phase. Yhe majority of
the-c -tare lone their ❑assive ●nvelopec through mam 10SS ●nd ●velve
into uhitc dwarfa. A small fraction of the m-t massive intermediate-



mass @caro Uy experience degenerate lgnitlon of the central carbon ●nd
become cubon-deflagratlon supernovae. Harnsive stmrap In contrast,
●volve into red ●upergiantm that undergo ●ll the remaining phasee of
nuclemr burning before posclbly becoming Type II supernovae.

1.2 The Population II Picture
If ●ingle non-coalesced stara of Population 11 composition (Z < 0.005)
having msses greater than 2 ~ ●till ●xisted today, such objects
would undergo the same behavior ●s discussed in the prevloua section
●nd consequently, so= of these stars would mimic the behavior of Popu-
lation I bpheidm. Unfortunately except perhape in the S!IC, no ●xam-
ples of this type of star currently exlet ●lthough cuch stars must have
●xisted in the past. Ncmethelese as described in the review article by
Wallerstein 6 Cox (1984), Population 11 Cepheids do ●xist but they
●rise due to circumstances that are different from those ●xperienced by
Population I Cephelds. Population Ii Cepheids obey a different period
luminosity relation from that of the Population 1 tipheldn. As a class
Population 11 Cepheida lie in the H-R diagram between the RR Lyrae var-
iables at low luminosities and the RV Tauri ●nd long period variables
●t high lumlnositiea. Popul~tlon II Cepheidei ●re broken into three
main categories which era BL Herculis (BL Rer) stars, the W Virginia
(W Vir) stars, and the ●nomalous Cepheida.

Population 11 stare having ●n age near that of the universe can initi-
●lly be no nmre massive than 0.0 ~ in order to be observed today.
Such ● star ignitem helium under degenerate condition which leads to
the core helium flash ●nd ●volution to quiescent core helium-burning on
the horizontal branch (see ●.g. Figure 1 of Despaln, 1981). A portion
of the horizontal branch intercepts the lnetability strip ●nd mny ● tar8
located ●t this junction should behave as RR Lyrae variables (see Iben,
1974a for ● review of the horizontal branch phase). When helium is
●xhausted in the center of ● horizontal branch ●tar, the ●tar evolves
upwud in tk H-R diagram onto the ●uprahorizontal branch where the
thick helium-burning shell phase 10 established (see ●.g. Iben 6 Rood,
1970, ●nd Sweigart k Oroos, 1976). Lf while on the horizontal branch
tha star ic located ●ither inside or to the left of the instability
strip in the H-R diagram, the post-horizontal branch ●volution will
cause the star’o evolutionary trsck to intercept the instability ●trip
●t which point the @tar should behave ●s ● BL Her variable (Glngold,
1974 ●nd Iben, J974b) with ● period betwaen 1 - 5 days. Npending on
the mass and compooltlon of the ●tar, the evolutionary tr~ck may

fntercept the instability ●trip wra than once with three crossings
being the ●aximum numkr (tee ●.g. Flgura 7 of Iban 6 Rood, 1970)a
Uhan threa crooelnga occur, the third crossing has the longest
duration. Unllke Population I Cepheidso BL Her ● tme originate from ●

vary narrow mass ranga of ●bout 0.6 ~ ~ 0.05 ~. me total llfe-
time of this phase of variahillty lasta up to saveral x 106 yr due to
the ●volution proceeding on a nuclear-burning tl= scale.



Eventually ● 1OW-USS Population 11 star ●volves off the supra-
horizontal branch to the ACB where the hydrogen-burning shell
re-eutabliehea itmelf md the double hrning shell phasg3begine.
When the hydrogen ●nvelope 1s nearly exhausted (<5 x 10 ~) Gingold

(1974) ~d *honberner (1979) find that as ● result of the last helium
shell flash on the ACB one or tw loop-like ●xcursions from the
AGB ~e possible for certain nmdels. These ●xcursions can intercept
the lnmtnbillty strip cauaing a mtu to become ● W Vlr variable having
● period of roughly 10 to 50 daya. Even if no loop-like ●xcursion
occurs for a particular model, Q ce the hydrogen ●nvelope ie

●ssentially ●xhausted (< 3 x 10 9 ~) the star ie forced to evolve
off the AG3 across the E-R the diagram toward the realm of the white
dwarfs (see e.g. Figure 3 of Iben, 1982). Such a track resulto in one
guaranteed pau6age of the Instability strip.

Again as is the case for the BL Her stars, the W Vir stare originate
from ● narrow maea range which 10 ●bout 0.6 ~~ O.! ~. me
lifetime of this phaee of variability can range from ●bout 104 v for
the single crossing case m the ❑ ost optimum loop-like ●xcursion to ●

few x 102 yr for the most transient of the loop-like ●xcursions.
Obaervationa of period changes of W Vlr stars should help to determine
if these loop-like ●xcursions actually occur.

Finally, in dwarf spheroidal galaxies there ie another type of Popula-
tion 11 Cepheid observed which are known as the anomalous Cephelds be-
cause these Cepheids are more luminoue at a given period than Cepheida
found In globular clueters. Fiirehfeld (1980) haa IIhown that ●xtremely
metal poor stars (2 < 5 x 10-~) of mass 1.3 to 1.6 ~ also lie on
something like ● horizontal branch during their core helium-burning
phase unlike their more metal rich Population II counterparts. This
horizontal branch for more ~ssive low-mass stare occurs ●t ● higher
luminosity than the traditional horlzoncal branch, and portlonm of this
new horizontal tmanch intercept the instability strip (see e.g. Figure
1 of Hirshfeld, 1980). Stare located ● t thie intersection ue found to
‘match the observed proptrtiee of momalous Cepheide.

Without invoking recent star formation, the initial mea- of stars in
Population II syetems mat be 0.8 ~ or lets. In order to form stars
in the range of 1.3 to 1.6 ~ in *ar- ●pheroidal galaxies, Eirshfeld

(1980) Ugue@ for coalescence of tvo stars via binuy maas transfer.
Wallerstein ●nd Cox (1984) reach the same conclusion bamed on their
●nalysis of the pulsational musses of anomalou~ Cepheidm. Once formed
out of two otars, the coalesced s ar can have ● lifetl= in the

5Instability ●trip of several x 10 yr.



To summarize, Population II Gphelda miglnate from ● zuch narrower ●nd
smaller range of mssec than Population I Cepheide. Hoot Population I
Cepheida sre in the core helium-burning phase while only the ●nomalous
Populaticm II Cepheida of very metal poor ●ystema ●re undergoing this
●volutionary p%aae. Mst Population 11 &pheids (i.e., the BL Her ●nd
the W Vir stars) are in their poet core helium-burning phases prior to
their kcomlng white dwarfa.



2 THEORETICALUNCERTAINTIES IN THE STELLAR EV9LUTION
miULATIONS

—

A theoretical -del lb only as good ●s the physics going
into it, ●nd therefore uncertainties in how best to model ● physical
process like convection cm uncertainties in the input physics like the
nuclear reaction rates can lead to uncertainties in the ●volutionary
remulta. In this section a brief discumaian of the varioua mdeling
pr~blecm IS presented in ter- of how these uncertainties may ●ffect
the theoretical Wedictiont for Ckpheid variablea.

2.1 Convective Overshoot and Semiconvection
Convective overshoot occurs at the boundary of ● formally

convective .;egion where the kinetic ●nergy of a convective element
carriea it ● finite dlatance into a region which ia formally stable
against convection. ?llxlng may arise between the convective region and
a part of ita neighboring radiative reKion due to the finite decay time
of overshooting convective ●lements ●nd the introduction of new ❑ateri-
al into the radiative region from the overshooting convective ●lements
causing part of the radiative region to become connectively unetable.
Semiconvcction occurs in a region of variable chemical composition that
la ❑arginally unstable to convection. In such ● came convective mixing
la only ●ble to partially mix the region before convective etabillty la
e.stabliahed. When a semiconvectlve region ●xists just outside a con-
vective region mixing may occur &tween the two regions.

With regard to Gpheld evolution, the convective cores of the core
hydrogen-burning and the core helium-burning phaaes are the most eensi-
tive tc any uncertainties in mdeling convective overshoot ●nd ●emicon-
vection. Convective overshoot occurs throughout the ●xistence of a
convective core while semiconvectt,on tends to ●ppear only outside the
helium-burning convective core (ace, however, Bruniah & fiuran, 1982a,b
for a description of how maeaive atura behave). Both ●ffectc king
more fuel to the convective core resulting in ● longer life for ● given
core hrning phaae.

Haeder 6 hermilliod (1981), Natrlka et. ●l. (1982), ●nd Huang & Weigert
(1983) diacusa tLe effect convective overshoot ham during the core
hydrogen-burning phaae on th~ later evolutionary behavior of ● mdel.
Compared to models where this ●ffect it neglected, models which include
the ●ffect of overshoot =e highter during their core helium-burning
phases ●nd their firot blue 100pa in the H+ diagram (when th~y occur)
tend CO be somewhat smaller. Figure 3 (from Becker & Gx, 1982) shows
tbia effect for ● 9 F~,(Y,Z) = (0.28, 0.03) mdel.

Robertson (1972), Rcbertaon 6 Faulkner (1972) ●nd Renzini (1977),
dlacuaa the ●ffect of including convective overshoot ●nd ●emlconvection
during the core helium-burning phaae. Compared to ❑odels where these
effect. are neglected, mdels which include these ●ffectc have longer
core helium-burning lifetimes and their first blue loops (when they
occur) may be lengthened.



FIGURE 3. The th~oretical R-R diagram for a 9 ~, (Y, Z) -
(0.28,0.03) eodel without convective overshoot (daahed line)
●nd with convective overshoot (solid line).
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Although there is general agreement about the existence of convective
overshoot ●nd semiconvection, the degree to which theu’ ●ffects occur
la still ●n cpen topic of discussion. One hope of determining the
●xtent of these ●ffects is to calibrate the models by using the
observed color-magnitude diagrams of ●tar clusters (Maeder &
Mermilliod, 1981)0 however, observational uncertainties then ●nter the
picture. In any came when these ●ffects are included in stellar
●volution models, the predicted ●volutionary mass for ● Cepheid
variable of ● given luminosity IS smaller than the Mae where these
●ffects ●re neglected. Hatraka et. ●l. (1982), for example, ●rgue that
this reduction wy be aa luge ●s 15%, a result which is not
inconsistent with predictions of other studies.

2.2 Nuclear Reaction Rates
A study of t~ka of Fouler ●t. al. (1967. 1975, FCZII) ●rd Harris
● t. al. (1983, EYCZ III) ●how that many nuclear reaction rates are not
known precisaly and that the published rates have changed over the
yeern. With regard to Gpheid variables, the moat relevant nuclear
reaction rates are those involving the burning o? hydrogen ●nd helium.
Fortunately, the important hydrcgen-burning rates have chanRed little
over the years, however, such ie not he caae for the helium-burning
reactione particulwly, the l,2c(a,y)l$ rate* Iben (1972) wcs the



first to show how uncerteltity in the reduced width term of this resc-
tion rate would ●ffect the ●volutionary behavior of stellar ❑odels that
become tkpheida.

Since the 12~(a,y)160 rate did not change btween PCZ 11 and EFCZ 111
it begw LO appear that this rate was on much firmer ground then It was
previously. Eowever, Kettner Qt. al. (1282) made ● new measurement of
thifa rate ●nd concluded that the rate should ~ approximately five
times greater than the rate given in FCZ 11! ‘Fow2er (1984) has re-
●tudied the Frohlem from the Caltech data baae ●nd has concluded that
the increase should be lristead ●bout a factor of three greater than the
FCZ II rate. Settlement of

12c(a,y)~2&r::::roveraY

will have to ●wait new
measurement of the

Figure 4 Bhowa the! ●ppearance of the core helium-burning phaGe in the
H-R dizgram for ● 5 ~,(Y,Z) = (0.28, 0.02) ~del aS m racult of

12C(a,y)160 rate.using both the FCZ II rate ●nd Fowler (1984) Hith
t!le new reaction rare the lifetim of the core helium-burning phaae is
lengthened by about 5%, ●nd the blus loop ●xtenda to higher tempera-
t~fJ@o The lengthening of the blue loop la only noticeable in models
ror which the loop wae small to begin with. One important ●ffect of
this change ie that the minimum mace of ● star that becomes ● Cepheid
during core helium-burning pha~e would drop going in the case of a
(Y,Z) - (0.28, 0.02) composition from ●bout 6% to 5.1 ~ if the
Fowler (1984) rate is adopted.

FIGURE 4. The theoretical H-R diagram for ● 5 ~ ~2(Y, Z)=\& 28,0.02)
model ●s ● result of using th ~2Fcz 1116 C(a07) O rate
(solid) and the Fowler (1984) C(a,y) O rate (daah-dot).
The parallel dashed linee mark the fundamental boundaries if
the instability strip.



2.3 Op-cities ●nd Stellar Atmospheres
The studien of Ricke et. &l. (1$71) Henyey ● t. al. (1965),

●nd Johnson 6 Uhittaker (1975), to name ● few, show that changing the
opacity used ●ither in the ●teller interior or the ●tellu ●tmosphere
can have a noticeable ●ffect cm a stellar mdel’o evolution track in
the H-R diagram. For Cepheld variablea the moot important question was
whether the Carson opacitiee (ace ●.g. Carson 6 Stothero, 1976) or the
Lm Alamos opacities (see ●.g. Cox 6 Tabor, 1976) were the most ●ccur-
●te. The primary difference in khavior between the ta #eta of opac-
ities is that the Caraon opacltlea have noticeably larger contributions
from & ●nd CNO ●toms to the opacity In the temperature range of 6.5 >
log T > 5.4. The question remained unresolved until laat year, when
Carton visited ka Alamo- end ● direct comparison was made between the
two methodm of calculation ●nd sn ●rror was discovered in the Caraon
code uhich produced the larger cpacitieg.

With this controversy resolved, the effect of the remaining uncertain-
ties in the opacities a the modeling of stellu ●tmospheres on the
evolutionary behavior of ~pheids is relatively small. For ●xample,
Simon (1982) ham suggested that increasing the opacitlee due to heavy

k
●lemen s by ● factor of 2 to 3 in the temperature range of 10s K to
2 x 10 k could help to remov~ the ❑ass ●nomalies ●ncountered with the
double-mode and bump Cepheidm. Figure 5 shows how th~ ●volutionary
track of ● 6 ~,(Y,Z) = (0.28~ 0.02) ~del changes in going from the
standard opacitiea tc one similar to that suggested by Simon. The
overall dlfference~ ue small and consequently, frm the stellar
●volution standpoint, the changea ●dvoca:ed by Simon are potentially

FIGURE 5. The theoretical R-R diagram for ● 6 ~, (Y,Z)=(O.28,0.02)
mod~l using standard Iaa Alamoe opacitiea (solid) and
opacitiea in which the haavy ●lement contribution 18 doubled
for 0.1 < T6 < 0.5 (daahed). The fundamental blue ●dge of
the inmcability strip 18 represented by the dash-dot l,inr.
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permissible. However, Hagee ●t. ●l. (1984) point out that there is no
reason to expect en uncertainty that large in the Loo Alamoe
opacitieam

2.4 Haem Loco
Lauterborn ●t. ●l. (i 971) ●nd buterborn & Siquig (1974) have studied
the ●ffect of mass loam during the red giant phaee of intermediate~aeB
●tars of ●xtreme Population I compoeltione. They find that mass leas
ie ●ble to suppreaa formation of blue loops in the R-R diagram if more
than 10%, 13%0 and 20% of the total ●tellar ~as le lost respectively
for 5 ~, 7 ~ and 9 ~ models. Forbes (1968) ad ~uterborn
● t. al. (1971) find that the blue loops r=main supprelaed until greater
than 60% of the total stellar mass 1s lost. While the above reaultm
probably depend somewhat on Lhe initial composition of the star, the
implication 10 clear that ● moderate degree of mass loss for intermed-
late-maea stars effectively reducee the number of croesings of the
Cepheld lnetabillty ●trip from a maximum of five to only one. Fortun-
ately, the observed mass leas ratee (see, ●.g., Lamer-, !981 ●nd
Rfemers, 1975) indicat- that very llttle mass la lo-t during the pre-
Cepheid ●volution for single intermediate-maaa @tars. Only low-mass
stars during the red giant phase ●nd masrnive ●tars during ●ll their
phaaea ●ppear to lose ● significant fraction of their mama.

For low-maae stars, mass 10SS playe ● significant role in their
●volution because without lt these stars would not evolve onto the
horizontal tuanch after care helium ignition. Without a horizontal
branch it would not be possible to produce RR Lyrae etars, BL Her
●tars, ●nd poaoibly anomalous Cepheida. For massive @tars, mass loss
lncrtaeee with Increasing luminosity co that ●bove ●bout 40 ~ no
star 1s ●ble to ●volve am red ae the Gpheid strip. Haea loee when
included in models of massive stare causes evolution to procesd ●t ●

lower luminosity than the case where it is not included (see e.g.
Brufiieh & Truran, 1982a,b).

Aa noted in Lamerc (1981) and Reimers, (1975) the ma-a loss rates ●re
not precisely known and it is likely that ● range of rates le Possible
for stare having the ●aw mass ●nd luminosity. For intermediate-mass
stars the uncertainty in the mass loss rate- 1s not of wch consequence
for Cepheid ●volition. However, in caoe of massive stars, any under-
estimate of the mast loea rate will lead to ●n underestimate of the
evolutionuy ❑ ase for a Cepheid of ● given luminoelty.

2.5 Rotation_and Stellar Evolution
~tim~t%c main ●eq=ce progenitor stars that

evolve into Population I Upheide shows that they rotate ●t epeedc cf
200 to 270 km/see (see ●.g. the review ●rticle of Slettebak, 19)0).
Obmervationo of rsd giante (see ●.g. Rraft, 1970) show, however, that



these starm have emall rotational velocities. lltete obeervatlonai
indicate that the surface ●ngular moment~ present during the ❑ain
sequence 18 transferred to another location which most likely is the
interta of the star. Clearly, since r-al stars have ●ngular momentum,
the neglect of rotation in met stellar evolution calculations is ●

deficiency. problem ●rise, however, when one ●ttempts to ●dd rotation
to ● ●teller mdel. Rotation deatroya the one-dimensional symmetry of
a wtelhr model ●-d ●n ●ccurate treatment of rotation requireB tw~ or
three-dlmenaional coding capability. Hodern computers can accommodate
codes of this complexity ●nd ●fforts to develop such codes ●re
beginning to take place. With some simpllflcationa, however, rotating
models can b ●tudled with one-dimensional stella ●volution codes.
Problems stIill confront my investigator using this latter ●pproach,
since tlu interior ●ngular momentum distribution cannot b obe?rved.
One therefore needs to ~ke a number of ●ducated guesses ●. to what the
distribution tight b.

Despite the difficulties, Kippenhahn ● t. ●l. (1970), Heyer-Hofmeister
(1972) ●nd ~dal 6 fifia (1976, 1978, 1979) have investigated from ●

one-dimen~ional standpoint the influence of rotation on the
evolutionary behavior of lntermed:ate=asa etars. Ttielr reaulte
provide ● mixed picture. For ●xample, they ●ll ●gree that rotation
lengthen- the core helium-burning llfetlme ●nd that this increase can
reeult in longmr lifetimes for the second ●nd third crosainge of the
inetabillty ●trip. However, Endal 6 Sofia (1976, 1978) find that
rotation :ncreases &he l~mlnoslty of the first blue loop in the R-R
diagram, but reduces the temperature of the blue loop tip while the
work of the others flndo the opponite results. Due to these
disagr~emencs, it io clear that more work neede to be done before ●n
●ccurate ●seebsment of how neglect of rotation in mosL @teller modele
la ●ffecting theoretical prediction~.

::.6 Binary Evolution
dore (1977) notes that about 272 of the Pormlation I

Cephelda ●re ln”blnulefi which have companlona of ●imilar ma-s.
.

Sandagc 6 Tmmmam(1969) point wt that one binary system, Cl?
Cat, conaisto of two Cephclds. It 18 ●pparent that ● ●lgnlficant
fraction of tipheld variablem, ao ic the cate for mst Population I
●tare, occurs in blnuy systems. Lf the reparation becaeen the blnuy
component ie sufficiently large (on the order of ● few x 100 ~),
each ●tar -11 be ●ble to ●volve through its cora hydrogen- snd helium-
burnlng phases in much the came way am if ●ach ● tar were single. If,
however, the separation is ●uch that one star fills its Roche lobe
during the ccmroe of its ●volition, ❑ aoa trancfer ulll .ccur ●nd the
●volutionary bhavlor of the twn etars wI1l no longer be ●ccurately
described by single star ●volutionary modsle.

Detailed ●volutionary calculation of ● binary #yst@m consisting of
intermediate m massive stue have ❑ot ytt baen calculated for ● wide
varlaty of casea. A few general statcmento can, however, be ❑ade. The



more nssive atu of the system, if. it fillo its Roche lobe ●s s rad
giant, till probably lose enough mass to prevent it from making any
further mosainga of instability strip. Am a result, this star can be
● Cepheid only prior to itt ‘becoming ● red giant. The companion star
will probably ●ccretc mass aa ● result of the wre massive component
overflowing its Roche lok. Raving ●ccreted ■a-c, tk companion star
will later evo-ve in ● manner different from that of ● single star
having the companion star’s original or current tot-l ❑ ass. h ●

rasult, if the companion ●tar later ●volve- into the instability scrfp
It will do so ●t ● luminosity that 1s probably lnconcistent with Ics
mass baaed on single ●tmr ●volition.

Binary ●volution is clearly an are~ for futura research. The seen.wio
deocribed in the second half of the laat paragraph la only a Renaral
case and even m:e complicated situation can be imagined ●s ● result
of binary evolution.



3 TREORYAND OBSERVATION ~ARED
Stellar evolution models can be used to make predictions

which can b tested by compuison with obcerv~tions. Such compariao~e
provide ● diagnostic on the curre~t state of the theoretical modele.
Areas of disagreement between theory and observation ue useful be-
cause they help to provide so= inalght on hcw theoretical models can
b improved. Ihe ●ubject of comparing theory and observations 1s ●

topic worthy of ● separate paper ●nd to ● reoult this ●ubject will be
only hlefly discuaoed in this section.

3.1 upheld Hamaen
tising stellu ●volution calculatlono, ● maes-lumlnoelty re-

lationship tin bc wde for Cepheid variables (see ●.g. Becker ct. al.,
1977). Using pulsational theory, ● lumlnotlty-per iod-temperature rela-
tionship can be derived. These two relationti can te combined to relate
period to mass if the ● xact croooing of the instability mtrip is
known. If the exact crosoing 10 not known, the usual procedure lC to
● scume that the stm is undwgoing the second crossing. The work of
vmn Gndercn (1983), for ●xample, ahowo that these theoretical
relationo can be used very successfully with the oboerved behcvlor of
Cepheids in the Hagellanic Cloud..

Cox (1980), in NJ revicv article, describes ●ix mthoda of tbieoreti-
cally determining the ma~c of Cepheid variable- which are: 1) the
●evolutionary masm, 2) the theoretical maas, 3) the pultational moo, 4)
the bump Cepheid mast, 5) the double and triple ❑ode Cepheid ❑ ass, ●nd
6) the Wemselink radius maaa. Cox (1980) notes that the evolutionuy
mast la normally lo ●greement with all the other ❑ethodu ●xcept the
bump Upheld mantes ●nd tha double ●nd triple mode Gphetd ~seee.

Since no Cepheid is cloee ●nough CO determine distance by trigonometric
parallax, the most direct ❑ethod of getting Cepheid mafioeo is from
binary orbit- ●nd th~ resulto have bean mixed. Evans (1980) orignally
found fcm the csse of SU Cygni that ths orbital mamc 1s corsi,tent with
masc~a Prodictad LS kth ●tallar ●volution and pulomtion “.heory,
however, thic lntarpr~tation is now clouded ~cause this system has
been found to be a triple (Evans, this confcranco). Dohm-Vitenoe
(1984), finds, fa binary ●yotam consisting of ● blua companion and a
C@pheid variable, that the Gpheids are overluminouo if bth scars are
of the sam ❑ ans. The discrepancy may, howev~r, ba dua to maco
transfer inoida tht systam.

l%. ●grecmant in t.ho cast of Gpheid varlabl~a tmtwcen ●volutionary
❑ assec ●nd puloscfonal macses from ●ll but the bum ●nd doubla and
triple mde Gphaidc mhovs that st~llu ●volution calculations are, in
ganoral, qualitativ~~y corract (using tha currant dintanca scale). I’lIc
diacrcpancy with th~ tromp and doubla and triplo -da Ceph@ids 10 ●

problam which is still not undmotood, but it la ● activo topic of
ra~aarch. IIM qr~ament batwean ●volutionary -no ●nd pulsation mano
would ●nd, how~var, if tha luminosity mcal~ of C@phcid vJriablao lo
ravisod downward as ●dvocatad hy Schmidt (1984).

—.



3.2 Period Changes “- ~
During ●volution acroas the inutabllity strip, the period

of ● Gpheid Inaeases aa the temperature decreaaes. h a result of
this behavior, wasurementc of the rate of period change cm help to
determine which mocsing of the Instability ●trip is taking place. For
intermediate~ss ● tars the first, third, ●nd fifth croasingo trill have
● positive race of change, while the second ●nd fourth aoocingm will
~hw ● negative rate of change. The magnitude of the rate of change,
P, provides further information in that stars undergoing the ●econd or
third =oosing vill in genersl be ●volving sc ● slower rate than stars
undergoing the oth~ croaoingo (oee e.g. Becker 19131b). Par ●ngo
(1956), pane-Caposchkin (1974), F@rnie (1979, 1984) ●nd Szabados
(1983, 1984) have ctudied period changes in Cepheid variablee.Payne- __
Caposchkin (1974), Fernie (1984) and Szabados (1983, 1984) note that
meaeu.remerlts of the periods changes of Cepheido sometlmea mhm nonaec-
UI.U changee ~ noioe which makea the determination of # complicated.
However, ● large nuuber of sufficiently clear ❑ eaaurementc of # have
been mde by Fernie (1984) snd Szabados (1983,1984) for them to con-
clude that the observed period changes ●re due to ●ffects of stellar
evolution. Cbeervation of pomitive ●nd negative valuea ~f $ providem
direct evidence for the ●xistence of blue loops in the E-R diagram.

3.3 Surface Changen In the Chemical Compoaiticm
Cepheid variab Ies of intermediate mea that are in the core

helium-burning phaoe ●prnt part of their previous evolution ●m red
giants. Aa red gianta, these ●~us underwent the first dredge-up phate
in which convection mixes the outer l~yers of the star with ● portion
of interior that In the parnt h- undergone nuclear reactions. Stellar
evolution calculation ~k(aee ●.g. Becker & Ibenn 197.) predict that the
surface ●bundance of N should in ●ase by ● factor of two to three

‘% should decresae by 30 to 40% ●s ●●nd that the eurface ●bundance of
result of the flrat dr~dge-up phaca.

Luck 6 Lambert (1981) wre ths firot to ~asure CNO ●bundances in
Cepheid vuiableo ●nd their results thowed abundance changes fu in
exceao of that predlctad by standard @tollu evolution theory. Fur-
tharmora, ttm observations of Luck & Lambtirt (1981) ohoved that mixing
muot take plAca with -ttar so d,ap in the interior that it haa under-
gone ON pr~catoing. Beckm L Cox (1982) diacuosad th~ Implicatlonm of
how stellar ●volution mdelc muld have to be altarad to account for
cheae obaervationJ. Iben 6 R@nzlni (1983) took the oppouitm approach
●nd diocuoaod vhat might k wrong with the Intorprotation of tho obser-
vation. T’lw controvcroy has apparently nw cow full circle whan



Lambert (1984) stated that the observed 2 depletion in Ckpheids was m
result of ● systematic ●rror In the values umed for log g. * now
finds ●violence only for CN proceaming ●s predicted by ●tmndard stellar
evoluticm calculat;ona.

3.4 Ftequency Period Distributions of Cepheido
Prcm the observation of hundreds to thousan~u of Cepheid

,varlables in the -laxy, H31, the IMC, and the SHC, detailed but not
complete frequency period distributions can be made. The dimtributiona
●ll show a small number of short period varlbleo, a rapid increase in
the numbers of Cepheids at sow key period and mn ●xponential-like de-
cline in the number of variables for larger ●nd larger values of the .
period (see Figures 7 and 8 of Becker et. ●l. 1977). Ihe diotrlbution
for the CAlaxy and H31 are very similar, while chose for the IJIC ●nd
the SIC ●hw ● greater spread ●nd the peak in their distributlone takes
place ●t ● noticeably emaller value for the period.

The ●udden rise In the frequency period distribution pr( idem strong
●violence for the first blue loop occurring in the R+ diagram for
helium burning intermediate-mass stars. Yhe peak should erioe from
stars in which the tip of the Mue loop i:~ tangent to the fundamental
bl~e ●dge. Becker ●t. al. (1977) show that ● galactic model based on
●tellar evolution calculations which involves ● spread in the chemical
compoaitlon ●nd reasonable values for birthrate function can reproduce
many of the features of the observed frequency-period dic~ributione.
The reason for the different peaks in the distributions for the Galaxy,
the UC, and the SW is ● result of having the ,\verage chemical compo-
sition

in the
●ge to

change ●s one goes from the Galaxy; to the IMC, ●nd to the S~C.

3.5 Star Clusters
tinllke the caee for the Galaxy, ● number of star clusters

LX ●nd the SK have a high population density ●nd are the right
show significant numbers of Gpheida ●nd tears in the core

helium-burning-phase. Arp (1967) was-the first to note this behavior
in the case of NCC 1866. These clusters can be wdeled with synthetic
clusters constructed from ctcllmr evolution models. For the case of

NCG 1866 aa shown in Figure 6, the observed color-magnitude diagram
provides visual proof of the p,-edictionm of stellar ●volution theory
because the diagram look- like ● blw-red stellar ●volution track with
the Cepheids ●ppearing ●t the blue loop tip. Becker ●nd 14athewa (1983)
have ●nalyzed the data for NM 1866 wish synthetic cluster models ●nd
havo shown Ita ●ge to be ●bout 86 x 10 yr ●nd its composition to be
●bout (Y,Z) = (0.273, 0.016).
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FIGURE 6. Ihe observed color-magnitude diagram for KC 1866 (dots)
with the ●volutionary track for a 5 ~,(Y,Z) = (0.273,
0.015) mdel euperimpoeed. me observed Gpheide ue neu
the blue loop tip.

4 SWY
%=review, the behavior of stellu ●volution modele

relevant to Gpheid vuiablem ~f Types I ●nd II la discussed.
Uncertalntiea in the theoretical models are ●xamined, but are found not
to be of such size as to seriounly limit the usefulness of the
theoretical prediction.. Finally, observations and theoretical
predictions ue made for ● number of casas to show ueao of ●greemenL

●nd diBagreemenc.

Thio work was performed under the ●uspicee of the U.S. Department of
Energy bntract 0 W-7k05-ENC. 36.
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